degree of albuminuria and urinary AGE-modified proteins (p ! 0.0001). Exclusive to patients with type 1 diabetes, urinary excretion of the AGE carboxymethyllysine correlated with AER, whereas patients with type 2 diabetes and macroalbuminuria had an increase in urinary methylglyoxal, an AGE intermediate. These changes were independent of isotopic glomerular filtration rate levels. Serum concentrations of AGEs or soluble receptor for AGEs were not consistently associated with albuminuria in either type 1 or type 2 diabetes. Conclusions: Urinary excretion of proteins modified by AGEs may be useful biomarkers of albuminuria in individuals with type 1 and type 2 diabetes, warranting prospective investigation in larger diabetic cohorts.
zymatic modifications to the free amino groups of proteins, by reducing sugars and reactive carbonyls [1] . The accumulation of AGEs is thought to be pivotal in mediating progressive tissue damage during the development and progression of diabetic microvascular disease and, in particular, nephropathy. The importance of decreasing AGE accumulation as a potential therapeutic target in diabetic nephropathy has been clearly demonstrated by experimental studies using a range of inhibitors of advanced glycation [2] [3] [4] [5] [6] [7] .
Evolutionary systems for the processing and excretion of AGEs are present within the liver [8] and kidney [9] , respectively. Indeed, one of the most clinically useful biomarkers of glycemic control is the circulating AGE intermediate HbA 1C . Furthermore, invasive skin collagen biopsy-associated AGE accumulation, specifically the biologically relevant carboxymethyllysine (CML), predicts the onset of nephropathy in patients with both type 1 [10] and type 2 [11] diabetes. It has been suggested that AGE accumulation within the circulation of individuals with diabetes may be a valid noninvasive biomarker of progressive diabetic nephropathy; however, previous studies investigating circulating levels of CML as a biomarker of progressive microvascular complications are conflicting, with associations reported in patients with type 2 [12] but not type 1 diabetes [13] . Moreover, urinary excretion of CML is significantly increased in individuals with type 2 diabetes and correlates with the degree of albuminuria [14] . One recent study demonstrated that increased circulating concentrations of the AGE intermediate, methylglyoxal (MGO) is an independent risk factor for microangiopathy in diabetic individuals [15] . In addition, conflicting data have been reported for circulating levels of soluble receptor for AGEs (RAGE) in progressive diabetic nephropathy [16] [17] [18] .
Hence, in this cross-sectional study, we investigated whether circulating and urinary excretion of AGEs, including CML and the AGE intermediate MGO, are useful as biomarkers of renal injury in diabetes in a well-phenotyped cohort of 284 patients with type 1 or type 2 diabetes with nephropathy, grouped according to the degree of albuminuria.
Patients and Methods

Patient Recruitment and Sample Collection
Participating in this study were 68 individuals with type 1 diabetes and 216 individuals with type 2 diabetes drawn from a population of patients attending the diabetes clinic at the Austin and Repatriation Medical Centre, Melbourne, Australia. As our primary referral base (80%) is from general practitioners, with only 20% referred from within the hospital, the cohort is representative of patients with diabetes seen in the wider community. To be eligible for the study, patients were required to have undergone an isotopic glomerular filtration rate (GFR) measurement and to also have provided three 24-hour urine collections for the measurement of albumin excretion rate (AER) within a 24-month period. The research was carried out according to the declaration of Helsinki (2000) of the World Medical Association, and was approved by the Human Research Ethics Committee of Austin Health. All participants provided written consent.
Height and weight were measured for determination of BMI, and body surface area was measured using the formula (weight 0.425 ) ! (height 0.725 ) ! 71.84/10,000. AER was estimated by immunoturbidimetry (Dade-Behring, Marburg GmbH, Marburg, Germany). The level of albuminuria was defined categorically according to standard guidelines. Patients were classified as having normoalbuminuria (Normo, AER ! 20 g/min), microalbuminuria (Micro, AER 20-200 g/min) or macroalbuminuria (Macro, AER 6 200 g/min). GFR was measured isotopically using the plasma disappearance of 99m-technetium-diethylene-triamine-pentaacetic-acid (99Tc-DTPA) and expressed per 1.73 m 2 of body surface area. Serum was collected by centrifuging blood at 3,500 rpm at 4 ° C for 15 min and storing at -20 ° C. Same day 24-hour urine was collected and stored at -20 ° C. Systolic and diastolic blood pressures were measured after 5 min of recumbency using the appearance and disappearance of the Korotkoff sounds. Urine and plasma electrolytes were measured on a Hitachi 911 automatic analyzer (Roche Diagnostics, Basel, Switzerland) and HbA 1c (glycated hemoglobin) was measured by automated HPLC (Bio-Rad Laboratories, Hercules, Calif., USA). Urinary creatinine excretion was measured with a Beckman Coulter DXC800 Synchron using the Jaffe rate method. Fasting lipids and total cholesterol were measured by enzymatic colorimetry and LDL (low-density lipoprotein)-cholesterol was calculated using the Friedewald equation.
Measurement of AGE Modifications by ELISA (AGE) and
Assay Validation AGE concentrations in urine and serum from patients with diabetes were measured by an in-house indirect ELISA as previously described [19] . Urinary AGEs were standardized to urinary creatinine concentration. The limit of detection of the assay was 0.2 nmol/mol lysine. The intra-and interassay coefficients of variation were 5.4 and 7.9%, respectively. The linearity of dilution of the assay was r 2 = 0.93.
To assess if the ELISA measured free or protein-bound AGE modifications, serum was pooled from 3 patients and subject to trichloroacetic acid (TCA) precipitation as follows. Urine (150 l) was added to an equal volume of ice cold 20% TCA for 15 min. Samples were centrifuged at 12,000 g for 10 min at 4 ° C. The pellet was dissolved in 10 l 1.0 M NaOH, followed by 200 l 0.5 M carbonate buffer, pH 9.6. After checking the pH, and neutralizing if necessary, the nonfractioned (native) serum, protein fraction and the nonprotein fraction were assayed by ELISA.
Measurement of CML
A competitive enzyme immunoassay specific to CML was performed as per the manufacturer's instructions (CircuLex CML ELISA kit, CycLex, Nagano, Japan). This ELISA employs the anti-CML-adduct monoclonal antibody KM-2A9. Urinary CML content was standardized to urinary creatinine concentration. The limit of detection of the assay was 0.126 ng/ml. The intra-and interassay coefficients of variation were 6.8 and 7.9%, respectively. The linearity of dilution of the assay was r 2 = 0.95.
Urinary MGO Assessment
Methylglyoxal was measured by a commercially available sandwich ELISA (Human Methylglyoxal ELISA kit, Cusabio, Wuhan, China). The urinary MGO concentration was standardized to the urinary creatinine concentration. The limit of detection of the assay was 0.8 ng/ml. The intra-and interassay coefficients of variation were 6.9 and 8.3%, respectively. The linearity of dilution of the assay was r 2 = 0.91.
Soluble RAGE
Soluble RAGE was measured in serum by a sandwich ELISA according to the manufacturer's instructions (R&D Systems, Minneapolis, Minn., USA). The limit of detection of the assay was 4.1 pg/ml. The intra-and interassay coefficients of variation were 6.2 and 8.2%, respectively. The linearity of dilution of the assay was r 2 = 0.90.
Urinary 8-Hydroxy-2-Deoxy-Guanosine
Urinary 8-hydroxy-2-deoxy-guanosine (8-OHdG) excretion was measured using a commercially available enzyme immunoassay from Cayman Chemical Company (Ann Arbor, Mich., USA) according to the manufacturer's instructions. Urinary 8-OHdG concentrations were standardized to urinary creatinine concentration.
Statistical Analyses
All statistical computations were performed using IBM SPSS version 19 (IBM Corp., USA) and GraphPad Prism version 5.0 for Mac OS X (GraphPad Software, San Diego, Calif., USA). Values of experimental groups are shown as means, with bars showing the standard error of the mean (SEM), unless otherwise stated. One-way ANOVA with Tukey's post-test analysis was used to determine statistical significance. Where appropriate, a two-tailed t test was performed. Variables were correlated using Pearson's coefficient. Relationships between categorical variables were assessed by 2 analyses. Data for AER were not normally distributed and therefore analyzed after logarithmic transformation. Thus, the results are reported as the geometric mean (antilog of arithmetic mean) multiplied and/or divided by the tolerance factor (antilog of SD of log-transformed data). Other data not normally distributed were analysed after logarithmic transformation. A probability of p ! 0.05 was considered to be statistically significant.
Results
Clinical Characteristics of Patients Studied
The clinical and biochemical characteristics of individuals with type 1 diabetes are displayed in table 1 . A total of 68 patients with type 1 diabetes (57% men; mean 48 years) were analyzed. Patients were grouped according to albuminuria status: normoalbuminuria, microalbumin- 
Association of Circulating and Urinary AGEs with Albuminuria
In patients with type 1 diabetes ( fig. 1 a) , serum AGE concentrations were not different among patients with normo-, micro-and macroalbuminuria. In patients with type 2 diabetes ( fig. 1 b) , serum AGE concentrations were increased in patients with micro-and macroalbuminuria to a similar degree when compared to patients with normoalbuminuria. A weak significant correlation (r = 0.21, p ! 0.01) was observed between logarithmically transformed serum AGE concentrations and log urinary AER in patients with type 2 diabetes ( fig. 1 d) , which was not present in individuals with type 1 diabetes ( fig. 1 c) . The in-house ELISA used in this study measures predominantly protein-associated AGEs as assessed by pooled serum fractions measured following TCA precipitation ( fig. 1 e) . This was confirmed by the observation that there was negligible AGE immunoreactivity in protein-free fractions of pooled sera.
In patients with type 1 diabetes, urinary excretion of AGEs increased with worsening albuminuria ( fig. 1 f) . Microalbuminuric patients had a 100-fold increase in urinary AGEs when compared to normoalbuminuric patients, whereas those with macroalbuminuria had a 1,000-fold increase when compared to normoalbuminuric patients. Similarly, urinary AGE excretion was increased in type 2 diabetes with increasing albuminuria ( fig. 1 g) . Microalbuminuric patients had an 18-fold increase in urinary AGEs compared to normoalbuminuric patients, and those with macroalbuminuria had a 170-fold increase compared to normoalbuminuric patients. There was a robust positive correlation between logarithmically transformed urinary AGEs and log AER in patients with both type 1 ( fig. 1 h; 
Association of Circulating and Urinary CML with Albuminuria
Serum CML was next measured by a commercially available competitive ELISA. Both individuals with type 1 diabetes and microalbuminuria or macroalbuminuria had reduced serum CML concentrations compared with normoalbuminuric patients ( fig. 2 a) . In contrast, patients with type 2 diabetes and micro-or macroalbuminuria had increased serum CML concentrations compared to normoalbuminuric patients ( fig. 2 b) . A negative correlation was observed between log serum CML in patients with type 1 diabetes and log AER (r = -0.27, p ! 0.05; fig. 2 c) , while the same parameters in patients with type 2 diabetes demonstrated a positive correlation (r = 0.38, p ! 0.0001; fig. 2 d) .
In contrast, urinary CML excretion was increased in both micro-and macroalbuminuric type 1 diabetic patients compared to normoalbuminuric patients ( fig. 2 e) . There was a strong positive correlation between log urinary CML and log AER in patients with type 1 diabetes (r = 0.60, p ! 0.0001; fig. 2 f) . There were, however, no changes in urinary CML excretion associated with albuminuria observed in individuals with type 2 diabetes ( fig. 2 g ). In addition, there was a positive correlation between urinary CML and urinary AGE levels in patients with type 1 diabetes (r = 0.66, p ! 0.0001, n = 48), but not Fig. 1 . Serum AGEs were measured in patients with type 1 diabetes ( a ) and type 2 diabetes ( b ), grouped according to renal function. Normo, Micro and Macro describe patients with normoalbuminuria, microalbuminuria and macroalbuminuria, respectively. c Correlation between log-transformed urinary AER (log AER) and log-transformed serum AGEs in patients with type 1 diabetes; r = -0.02, NS, n = 68. d Correlation between urinary log AER and serum log AGE concentration in patients with type 2 diabetes; r = 0.21, p ! 0.01, n = 216. e Pooled serum (from 3 patients) was subjected to TCA precipitation and the concentration of AGEs contained within intact (native) serum, the protein-free serum fraction (free AGEs) and the protein fraction (proteinbound AGEs) were tested by in-house ELISA, assayed in triplicate. Urinary excretion of AGEs was measured in patients with type 1 diabetes ( f ) and type 2 diabetes ( g ), grouped according to renal function. h Correlation between log AER and urinary log AGE excretion in patients with type 1 diabetes; r = 0.83, p ! 0.0001, n = 68. i Correlation between log AER and urinary log AGE excretion in patients with type 2 diabetes; r = 0.81, p ! 0.0001, n = 222. Bars represent the mean 8 SEM; n = 13-112 patients per group. * p ! 0.05 compared to Normo; # p ! 0.05 compared to Micro. in patients with type 2 diabetes (r = -0.02, p = 0.8, n = 102). Further, urinary concentrations of MGO were increased in individuals with type 2 diabetes and macroalbuminuria ( fig. 2 h) , but did not correlate with urinary AGE excretion (r = 0.07, p = 0.52, n = 76).
Association of Soluble RAGE with Albuminuria
There was a decrease in the concentrations of soluble RAGE in patients with type 1 diabetes and microalbuminuria ( fig. 3 a) compared to normoalbuminuric subjects. Conversely, an increase in soluble RAGE was observed in serum samples taken from individuals with type 1 diabetes and macroalbuminuria ( fig. 3 a) . Overall, this translated to a weak but significant correlation with urinary albumin excretion (r = 0.27, p ! 0.05; fig. 3 c) . In type 2 diabetes, circulating soluble RAGE was unchanged ( fig. 3 b) , and consequently did not correlate with the degree of albuminuria ( fig. 3 d) .
Oxidative Stress Status
Urinary excretion of 8-OHdG as a marker of oxidative stress was determined. Urinary 8-OHdG excretion was increased in patients with type 1 diabetes and microalbuminuria, and in patients with type 1 diabetes and macroalbuminuria compared to patients with type 1 diabetes and normoalbuminuria. There was no difference in urinary 8-OHdG excretion in patients with type 2 diabetes and varying albuminuria status.
Discussion
Within the present study we explored the accumulation of AGEs, specifically CML, MGO and total AGEs as noninvasive biomarkers for diabetic nephropathy. Although the relationship of serum AGE concentrations to diabetic microvascular complications has been frequently explored, the studies have been conflicting. Our data clearly indicate that the most informative biomarker of albuminuria appears to be the urinary excretion of protein-linked AGEs.
For the first time we saw concordance for a biomarker of diabetic nephropathy that closely associates with severity of albuminuria in both type 1 and type 2 diabetic cohorts, and is independent of GFR. Although serum protein-linked AGEs were increased in patients with type 2 diabetes, there was only a weak correlation with AER. This was not observed in patients with type 1 diabetes. In contrast, urinary excretion of protein-linked AGEs was closely associated with AER in patients with both type 1 and type 2 diabetes, and to the same extent. Importantly, the isotopic GFR levels were similar for normo-, microand macroalbuminuric patients with type 1 diabetes. There was also no significant difference in isotopic GFR levels for different levels of albuminuria in subjects with type 2 diabetes. To further investigate the possible AGE moieties present in patients with diabetic nephropathy, we then measured the well-characterized AGE, CML. Serum CML was negatively associated with AER in patients with type 1 diabetes, but this parameter was positively associated with AER in patients with type 2 diabetes. In the urine, CML was increased in patients with type 1 diabetes and positively correlated with AER; however, in patients with type 2 diabetes, there was no change. Interestingly, when we measured urinary excretion of methylglyoxal in these patients, an increase was observed in patients with type 2 diabetes and macroalbuminuria. Since MGO is a key intermediate in the generation of AGEs, this could be a factor in the increased total AGEs observed in this group of diabetic subjects.
Total urinary protein-bound CML, but not nonprotein-bound CML, has been shown previously to be increased in diabetic versus nondiabetic individuals although complications were not assessed in that study [20] . In the context of our own findings, this suggests that posttranslational modifications of larger proteins may be more indicative of progressive renal dysfunction than smaller molecular weight AGEs. Indeed, our group has demonstrated previously that ligands that activate the RAGE present in the circulation of patients with type 2 diabetes and nephropathy are predominantly of high molecular weight [21] , indicating that they are protein-associated.
AGEs present within the circulation may become bound to soluble RAGE, which may account for some of the discrepancies seen in circulating AGE concentrations. In the present study, soluble RAGE positively correlated with AER in type 1 diabetes, but not type 2 diabetes. Furthermore, it should be noted that hyperlipidemia is a potential confounding factor that can influence serum AGE levels since these post-translational modifications can also be derived via lipoxidation reactions [22] .
An association was not observed between serum AGEs and albuminuria in type 1 diabetes. Indeed, in patients with type 1 diabetes, the serum AGE concentration was not different among patients with normo-, micro-and macroalbuminuria. In support of this, other studies in type 1 diabetes have found that circulating CML concentrations did not correlate with urinary albumin excretion [23, 24] . Furthermore, a recent prospective study demonstrated that increased circulating non-CML AGE concentrations, specifically pentosidine and carboxyethyllysine, are associated with cardiovascular disease as well as allcause mortality in individuals with type 1 diabetes [25] . In fact, in our study, serum CML from patients with type 1 diabetes decreased with albuminuria severity, demonstrating a negative correlation between circulating and urinary CML concentrations in type 1 diabetes.
Previously, there have been conflicting data reported for CML concentrations in the circulation and the urine of patients with type 2 diabetes. A study by Wagner et al. [26] found increased CML levels in the serum of patients with type 2 diabetes when compared to healthy individuals in association with a decrease in urinary CML with progression of renal impairment. In contrast, and consistent with our observations, Morcos et al. [14] found that urinary CML excretion correlated highly with the degree of albuminuria in patients with type 2 diabetes. Our data have identified key discrepancies between circulating AGEs and circulating CML amongst type 1 and type 2 diabetic subjects, indicating that circulating levels of AGEs cannot be considered appropriate biomarkers of diabetic nephropathy. In contrast, urinary proteins which have been modified post-translationally by AGEs appear to be accurate biomarkers of albuminuria in patients with diabetic nephropathy. However, AGEs are a diverse group of chemical moieties, and testing of such substances needs to be standardized if such assays are to be applied to samples from diabetic subjects.
In summary, urinary protein-bound AGE concentrations closely paralleled changes in albuminuria, reflecting the severity of diabetic nephropathy. It is now critical to examine this urinary biomarker as a predictive tool by performing careful prospective studies to assess if changes in urinary protein-bound AGE concentrations precede the rise in urinary albumin excretion, thereby strengthening the possibility of developing this method into an inexpensive high-throughput screening assay for use in the diabetic population.
